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We have investigated a mesoscopic photovoltaic (PV) ef- 
fect in micron-size Au rings in which a dc voltage Vdc is gen- 
erated in response to microwave radiation. The effect is due 
to the lack of inversion symmetry in a disordered system. 
Aharonov-Bohm PV oscillations with flux period h/e have 
been observed at low microwave intensities for temperatures 
ranging from 1.4 to 13 K. For moderate microwave intensities 
the h/e PV oscillations are completely quenched providing ev- 
idence that the microwaves act to randomize the phase of the 
electrons. Studies of the temperature dependence of Vdc also 
provide evidence of the dephasing nature of the microwave 
field. A complete theoretical explanation of the observed be- 
havior seems to require a theory for the PV effect in a ring 
geometry. 



I. INTRODUCTION 

Studies of the transport properties of disordered meso- 
scopic systems have revealed a number of interesting 
quantum interference phenomena jlj]. These effects in- 
clude the observation of Aharonov-Bohm or h/e con- 
ductance oscillations in micron-size Au rings, universal 
(or aperiodic) conductance fluctuations (UCF) in small 
wires, and the time-dependent conductance fluctuations 
due to the motion of even a single defect or impurity. 
In each case, the conductance exhibits fluctuations of or- 
der e 2 /h, provided the electron retains phase coherence 
over the length of the system. Central to the observa- 
tion of such interference phenomena is the fact that an 
electron scatters coherently off the random impurity con- 
figuration over a distance, L^, defined as the phase coher- 
ence length. Another consequence of coherent impurity 
scattering is that a disordered mesoscopic system lacks a 
center of inversion symmetry which allows for non-linear 
effects that would otherwise be forbidden. 

One such non-linear response concerns a mesoscopic 
photovoltaic (PV) effect |^,|| in which a dc-voltage, Vdc, 
is generated in response to microwave radiation, even 
with no current applied from external leads. The PV 
effect has much in common with UCF and consequently 
Vdc is sensitive to small changes in the impurity distri- 
bution and magnetic field, H. Initial PV experiments 
centered on studies of small microbridges where Vdc was 
shown to exhibit aperiodic fluctuations as a function of 
H at low temperatures (~ 4 K) Wm. More recent studies 



of the PV effect in submicron-size rings clearly revealed 
Aharonov-Bohm PV oscillations of flux period h/e, in 
addition to the aperiodic fluctuations |||7|]. One surpris- 
ing feature of these results was that the PV signal was 
quite pronounced, even for temperatures at which the 
analogous conductance fluctuations were minute and dif- 
ficult to observe. The robust nature of these results |^-|^] 
demonstrates that the mesoscopic PV effect also promises 
to be a powerful and convenient probe of mesoscopic sys- 
tems and may lead the way for possible microwave device 
applications. 

In this paper we report detailed studies of the PV ef- 
fect as a function of magnetic field, microwave power, and 
temperature in submicron-diameter Au rings. Studies of 
Vdc as a function of the microwave power show that the 
h/e PV oscillations are quenched in response to a mod- 
erate amount of microwave radiation. Our data suggests 
that the microwave period plays a fundamental role in 
determining the temperature dependence of the PV re- 
sponse when it is of order the phase coherence time, r^. 
Although a complete analysis of our results awaits an ex- 
tension of the PV theory to include the case of a ring 
geometry, our data provides evidence of the dephasing 
nature of a high-frequency field in a mesoscopic system. 



II. THEORY OF THE MESOSCOPIC 
PHOTOVOLTAIC EFFECT 

A. The Mesoscopic Photovoltaic Effect At Zero 
Temperature 

The calculation of Fal'ko and Khmel'nitskii ^ for the 
magnitude of the PV effect considers the case of a metal- 
lic mesoscopic wire or microbridge illuminated by high- 
frequency (microwave) radiation. A conductor in the 
presence of a high frequency field E ac will absorb 



N, 



(i) 



photons per unit time, where G is the conductance, L is 
the sample length (where L < L^), and Tiuj is the photon 
energy. In the weak-field limit (i.e., eE ac L/fku <C 1), an 
electron will absorb at most one photon, and N e equals 
the number of electrons that are excited into empty states 
above the Fermi energy, Ep. If the scattering potential 
of the electron is perfectly symmetric then half the car- 
riers will diffuse to the left voltage probe and half to the 
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right. In this case the net photovoltage would be zero. 
However, due to the asymmetry of the random impurity 
potential, a different number of electrons diffuse to op- 
posing voltage contacts. The degree of asymmetry a in 
a disordered mesoscopic junction was estimated by the 
theory || as the ratio of the magnitude of the UCF to 
the sample conductance: a ~ e 2 /hG. Putting these ef- 
fects together, the net dc voltage Vdc generated by the 
microwaves is given by Vdc ~ (eN e a)R, where R is the 
sample resistance. In the low-frequency limit (tOTf <C 1) 
the relevant time scale of the system is determined by 
Tf, the time it takes the electron to diffuse to the volt- 



age contacts, not the period ('■ 



) of the microwave 



field. In this case, Tf is substituted for lo 1 in Eq. and 
the magnitude of the net microwave induced dc voltage 
is given by 
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LOTf « 1. (2) 



The numerical factors A, and V^, the volume of the junc- 
tion, are given from the quantitative calculation and de- 
pend on the sample dimensionality d (see Table 1 in Ref. 
2). Note that Vdc in Eq. is the rms voltage averaged 
over different realizations of the random potential. 

The deep connection between the PV effect and UCF 
hinges on the fact that the degree of asymmetry is related 
to the electron's transmission probability across the sam- 
ple. As a result, the magnitude and polarity of Vdc is a 
random function of the magnetic field H , the energy of 
the electron, and the precise location of impurities. The 
field change required to effect a full fluctuation in Vdc 
is defined as the correlation field, H c ~ Qo/L^w, and 
is of order the field required to produce one quantum of 
flux (4> ) through a phase-coherent area x w, where 
w is the width of the wire Q . Varying the field strength 
by more than H c causes a shift in the electron phases 
that is equivalent to a complete rearrangement of the 
impurity configuration, thus causing aperiodic PV fluc- 
tuations, Vaf, that are of order Vdc in Eq. ||. 

The energy scale over which the electrons are corre- 
lated is given, in analogy with UCF, by the Thouless en- 
ergy E c ~ %/Tf 0,9 . When the spread of the electron's 
energy distribution (AE) is greater than E c , the net cur- 
rent is averaged statistically due to the superposition of 
n = AE/E C uncorrelated energy intervals. Therefore, 
Eq. ^ represents the most optimistic estimate for the 
PV effect as it does not include the adverse averaging 
effects due to finite temperatures (i.e., it was assumed 
that ~ L and fc^T < E c ). Microwave frequencies 
are optimal for studies of the PV effect since the as- 
sociated photons are energetic enough to excite a large 
number of electrons into empty states above the Fermi 
energy, while not leading to excessive energy averaging 
(i.e. AE = hu> ~ E c )- For a typical metallic mesoscopic 
sample, the degree of asymmetry is small (a ~ 1CU 3 ) 
and Vdc is on the order of 1 nV at a frequency of 10 
GHz for E ac =1 V/m and R =10 ft. Note that the 



PV effect is entirely mesoscopic in origin and there is 
no inherent macroscopic or background component as in 
the case of the UCF. In a disordered macroscopic system 
(i.e. Lcf, <C L) the PV effect is negligibly small since cur- 
rents from individual phase-coherent regions are random 
in sign and add incoherently. 



B. The Mesoscopic Photovoltaic Effect in the 
High-Frequency and High-Power Limits 

The microwave field can act to randomize the phase of 
the electron at sufficiently high powers. Previous theo- 
retical [|| and experimental Jiq |l3|] studies have centered 
on the dephasing effects of microwaves on the weak lo- 
calization magnetoresistance. The experiments are com- 
plicated by electron heating effects, which can also be 
important at high power levels Nevertheless, phase 
breaking due to the "dynamical" influence of microwaves 
(apart from heating) has been observed |Io|-|l2]]. The 
dephasing effects of a microwave field on the h/e oscil- 
lations in a mesoscopic system have yet to be studied. 
In related work jlj], the effect of a finite measurement 
frequency (from 250 to 1.2 GHz) on the complex magne- 
toconductance of submicron-diameter Ag rings has been 
studied, although no suppression of the h/e conductance 
amplitude was observed. As we will discuss below, it is 
possible to study the dephasing effects of a microwave 
field through a detailed analysis of the microwave power 
and temperature dependence of the h/e PV oscillations 
in samples with a ring geometry. 

The microwave power and temperature dependence of 
Vdc depends critically on the interplay between the rel- 
ative magnitudes of the strength (E ac ) and frequency 
(lo) of the microwaves, and the mesoscopic scales of time 
(t^ and Tf) and energy (E c ) discussed above. The the- 
ory |p[ calculates the magnitude of the PV effect in the 
various asymptotic regimes of the irradiating field pa- 
rameters. In the low-power high-frequency limit (i.e., 
Tku > E c and lo~ 1 < Tf), Vdc is reduced in magnitude by 
a factor of n~ 1 / 2 due to photon energy averaging (where 
n = hto/Ec = 
substitution t/ 



7 "TfLu). Eq. U is also modified by the 



and Vdc is given by g] 
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Note that in the high-frequency limit Vdc is strongly fre- 
quency dependent, in comparison to Eq. ^| which is inde- 
pendent of frequency. 

In the limit of strong microwave fields the electron may 
absorb more than one photon in time Tf which leads to 
energy and phase relaxation of the carriers || . The num- 
ber of photons £ 2 absorbed by a particular electron dur- 
ing a diffusion time Tf is given by 



N 



eE ac L 
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where N e is defined by Eq. Q, N = {dN/dE)hu is 
the total number of electrons within hoj of the Fermi 
energy, and the conductance a is defined by aVd = 
e 2 D(dN/dE) = GL 2 (where D is the diffusion con- 
stant). Assuming the electron absorbs at least one addi- 
tional photon before exiting the sample (i.e., £ 2 = 1), a 
microwave-enhanced phase relaxation time r ac can easily 
be determined from Eq. [J, 
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The length scale over which the microwaves randomize 
the electron's phase is defined by L ac = {DTac) 1 / 2 = 
Tiw I eE ac . Although the connection was not made explicit 
by the P V theory M , r ac has been studied in connection 
with the dephasing effects of a microwave field on the 
weak localization magnetoresistance f9|-|l3||. 

For strong microwave fields (£ 3> 1) the theory H pre- 
dicts that the linear power dependence of Vaf in Eqs. || 
and ^| will saturate due to energy and phase relaxation of 
the carriers. As a result, the quadratic field dependence 
is replaced by a much weaker logarithmic dependence Q . 
Vdc in the high-power high-frequency limit is given by 



/ \ 1/2 

V AF « V20eR ( — J ln(0, «r/ > 1, 



(6) 



where L » L ac ,w,t for a ID sample of width w and 
thickness t. The logarithmic power dependence results 
from a competition between the dephasing effect of the 
microwaves and the growth of the number of microwave 
generated carriers iV e with increasing power. There- 
fore, the effects of a microwave-enhanced phase relax- 
ation time (r ac ) will be apparent in measurements of Vdc 
over a wide range of microwave powers. 



C. The Effect of Partial Phase Coherence and 
Thermal Energy Averaging 

For high temperatures, can be smaller than L, and 
Vdc decreases with increasing temperature due to the av- 
eraging of n — L/Lj, phase coherent subsystems. Quan- 
titative estimates for Vaf as a function of temperature 
follow naturally from Eqs. ||, [| and|TJ using the substitu- 
tion L — ► L,/,, Tf —>■ t$, and the relation t^ — ► L^/D. 
The temperature dependence in the high-power high- 
frequency regime is given Q from Eq. ^| 



V AF {T) « V20ei? 



1/2 



M£(T)], 



(7) 



where the parameter £(T) — eE ac L^/hijj varies with tem- 
perature (TJ] since ~ T _p/2 (where 2/3 < p < 3 
depending on the phase relaxation mechanism and the 
sample dimensionality Q). The precise temperature de- 
pendence depends on the relative value of t$ and cj _1 . 



For temperatures greater than around 5 K, can be- 
come less than u , and the temperature dependence be- 



comes much stronger due to the substitution to 



T0. 



We would therefore expect Vaf to vary logarithmically 
with temperature. The parameter £ can become less than 
unity at relatively high temperatures and the difference 
between the strong and weak fields is eliminated. Physi- 
cally this crossover occurs because becomes less than 
r ac , and the phase of the electron has been randomized 
before it has time to absorb additional photons. In this 
case the temperature dependence of Vaf is reduced to 
that expected for "low" microwave powers. 

In the low-power limit, the temperature dependence of 
Vaf also depends on the relative value of and w . 
In the high-frequency limit (lu^ 1 < t^ < Tf) the tem- 
perature dependence of Vaf (in ID) is obtained Q from 
Eq. U (again substituting L — > L$ and r/ — > t^) 

Va~f~(T) cx T~ 1/2 L 2 - d/2 cx T~vl\ wt*»1. (8) 

As the temperature is increased further the condition 
T0 < lu^ 1 < Tf holds and the temperature dependence of 
Vaf in the "low-frequency" limit (see Eq. |J) is given (in 
ID) by 

Va7{T) cx T^L 2 - d/2 cx T- 7p '\ wt*«1. (9) 

In this low-frequency limit Vdc is expected to be a strong 
function of temperature in contrast to the high-frequency 
limit. Therefore, studies of Vdc over a wide temperature 
range may not scale according to a single power law and 
may reveal evidence that the time scale of the microwaves 
(w^ 1 ) has a strong influence on the behavior of a meso- 
scopic system. 

Analogous to UCF [p]JlT^] , thermal averaging of nx = 
ksT/Ec uncorrelated energy intervals leads to a T~ 1//2 
reduction in magnitude of Vdc at low powers. However, 
for hu> > E c , the photon energy supersedes the corre- 
lation energy and the number of uncorrelated electron 
intervals is given by ksT '/hu. For even larger photon en- 
ergies (i.e. fito > ksT) thermal smearing is circumvented 
altogether and = 1 [[l7| . Thermal averaging can intro- 
duce a second important length scale Lt = y/hD/ksT, 
or the thermal length, defined as the distance electrons 
differing in energy by ksT diffuse before their wave- 
functions are significantly out of phase. At high tem- 
peratures it is possible for Lt become smaller than L<j,, 
where the fundamental mesoscopic length scale is deter- 
mined by the smaller of the two. 



D. The Photovoltaic Effect for Ring Samples 

The PV theory by Fal'ko and Khmel'nitskii g, as dis- 
cussed above, estimates the magnitude of the aperiodic 
PV fluctuations, Vaf, for the case of a microjunction 
geometry. The theory has not yet been extended to in- 
clude the h/e PV oscillations, V h / e , observed in samples 
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with ring geometries |6j,|7|] . In the low-frequency low- field 
limit we would expect the magnitude of the aperiodic 
and h/e PV oscillations to have similar power depen- 
dences. However, it is well known from the UCF studies 
|ij that the h/e conductance oscillations are suppressed 
more strongly by inelastic scattering than are the aperi- 
odic fluctuations. The h/e PV oscillations are more sen- 
sitive to inelastic scattering since the electron must tra- 
verse the entire circumference of the ring without having 
its phase randomized. In contrast, the aperiodic fluctu- 
ations can result from relatively small paths confined to 
the linewidth of the ring. As a result, the h/e oscillations 
are suppressed exponentially according to a phase coher- 
ence survival probability, exp(— TrrlL^), for < nr, 
where r is the radius of the ring [Q. In the case of the 
PV effect, we expect the dephasing due to the microwave 
field to cause Vh/ e and Vaf to scale quite differently as a 
function of microwave power. In the absence of a quanti- 
tative theory, we predict that the power and temperature 
dependence of the h/e PV oscillations is approximately 
given by 



V h /e ~ • E a C exp(-7rr/L e// ), 



(10) 



where L e ff 



-1/2 



is the effective phase 
scales 



coherence length. In Eq. |10| we see that Vh/ e 
quadratically with the microwave field at low powers 
(where L e ff « L^). As L ac becomes less than L$, due 
to excessive electron-photon scattering, the exponential 
suppression will dominate the square-law dependence. 
Therefore, a detailed experimental study of the power de- 
pendence of the PV effect in submicron-size rings should 
provide clear evidence of the dephasing effects of a mi- 
crowave field in a mesoscopic system. 



III. EXPERIMENTAL SETUP 

The samples used in this study consisted of four 
submicron-diameter Au rings fabricated using a scanning 
electron microscope converted for electron beam lithog- 
raphy |T^]. Although similar results were found for all 
four rings, the data to be shown below pertain to only 
two of the samples. Ring #1 had an inner diameter of 
d ~ 3300 A and linewidth w ~ 550 A, and for ring #2 
d w 4700 A and w w 700 A. Both rings were 200 A thick. 
The sample dimensions were determined to within 10% 
using the scanning electron microscope. Narrow voltage 
probes, with the same linewidth as the ring, extended 
outwards 0.5 /mi on opposite sides of the ring before 
widening to 8 /im. Therefore the wide voltage contacts 
were separated in length, L, by I /im. We note that 
such wide voltage contacts may act as antennas tending 
to strongly couple the sample and the microwave radia- 
tion. The samples are effectively one-dimensional since 
L 3> w. Based on the total sample resistance of 30 ft, 
and the number of squares (~15), the sheet resistance 



was estimated as « 2.0 £1 at T — 4.2 K. The diffusion 
constant was estimated from resistivity measurements to 
be D » 100 cm 2 /s. 

For all the PV data to be shown in this paper the mi- 
crowave frequency was 8.4 GHz corresponding to a mi- 
crowave energy of Tuo ~ 35 (ieV. This is smaller than the 
thermal spread in energies fc^T = 120 /ieV for our lowest 
measurement temperature, 1.4 K, where ksT/?iuj ~ 3.5. 
For typical disordered metallic samples [Q, like the ones 
used in this study, ~ 1 /im at 1 K and D ~ 100 cm 2 /s. 
Accordingly, E c is usually of order 10 /ieV yielding a cor- 
relation temperature of E c /kB =0.1 K. For the temper- 
atures used in this work, it is likely that the condition 
E c < hu> < ksT holds and Vdc should be affected by 
thermal smearing. Given these numbers, lot^ ~ 5 for 
10 GHz radiation, and Eq. ^ should pertain to the high- 
frequency regime for temperatures around 1 K. 

The samples were mounted in a microwave cavity 
which had a resonant frequency of 8.4 GHz for its TE 
210 mode They were located at a maximum of the 
electric field, with this field directed in the plane of the 
film. The cavity was inside a vacuum can which was usu- 
ally filled with liquid He to minimize Joule heating of the 
sample by the microwave field. This was all positioned 
inside a superconducting solenoid which provided a mag- 
netic field perpendicular to the plane of the film. The 
microwave field was modulated at 150 Hz, and the sam- 
ple voltage was measured with a lock-in amplifier using 
a transformer coupled preamplifier. This scheme allowed 
us to conveniently measure the very small signals which 
were encountered in the mesoscopic PV effect. We will 
refer to the voltage measured in this way as Vdc even 
though it was not a strictly dc measurement. 

In order to compare the measured value of Vdc with 
the theory, the magnitude of the microwave field was 
calibrated using the procedure discussed previously Q . 
The maximum output power of the microwave generator 
was 1 mW, however, the maximum input power to the 
microwave cavity was of order 0.25 mW due to attenua- 
tion in the coaxial cable leading down the cryostat. By 
changing the frequency of the microwaves (for fixed input 
power) a resonant peak in Vdc was observed which could 
then be used to estimate the Q of the cavity. The mi- 
crowave field E ac was then calculated using an estimated 
Q value of 25 for the maximum microwave power. 

The absolute magnitude of the microwave field could 
be in error by as much as a factor of five due to possi- 
ble inaccuracies in estimations of the attenuation and the 
Q value. However, the relative magnitude of the power 
(field) was accurately determined from the attenuation 
setting on the microwave power supply. The maximum 
attenuation of the input power (0.25 mW) from the mi- 
crowave generator, for which Vdc was just indistinguish- 
able from the instrumental noise, was -57 dB. The lowest 
power setting for a discernible PV signal was -52 dB. 
For the measured power dependence of Vdc to be dis- 
cussed below, the power (field) settings ranged from -52 
dB (E ac « 0.12 V/m) to -10 dB (E ac « 16 V/m). 
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IV. MEASUREMENTS OF THE PHOTOVOLTAIC 
EFFECT IN AU RINGS 

A. Typical Results and Data Presentation 

In Fig. |l|(a) we show typical results for the magnetic 
field dependence of the PV effect for ring #1 at T = 
4.2 K. Vdc was quite reproducible and constituted a true 
'magnetofingerprint' where the solid (dotted) line shows 
data for which the magnetic field was increasing (decreas- 
ing) in magnitude. As expected, the data clearly reveal 
both the h/e PV oscillation {Vh/e) and the aperiodic fluc- 
tuations (Vaf)- Based on the known geometry of the 
ring, the period of the h/e oscillations was expected to 
be ~ 350 Oe. This is in agreement with the observed pe- 
riod of approximately 300 Oe which can be obtained by 
inspection of Fig. [I] (a) where we see roughly 3.5 oscilla- 
tions over the field range 3000 to 4000 Oe. The aperiodic 
correlation field, if c (~ Qo/L^w) w 2500 Gauss, can also 
be determined by inspection of Fig. |l](a), where we see 
two aperiodic fluctuations spaced over an approximate 
field range of 5000 Oe. From the measured linewidth of 
the ring w — 550 A, the phase coherence length can be 
estimated as w 0.3 /im, which is roughly consistent 
with previous results for similar samples and tempera- 
tures fil|| . The aperiodic and h/e PV oscillations are 
also easily observed in a Fourier transform (FT) of the 
raw data as can be seen in Fig. |l|(b). The h/e frequency 
range was 0.0025-0.0045 Oe -1 which corresponds to a 
field range of 220-400 Oe. The h/e peak in the FT is 
centered about 0.0035 Oe" 1 (or 285 Oe) which agrees 
with the value obtained by inspection above. 

We note however that the h/2e oscillations were con- 
spicuously absent from the data and were not discernible 
from the Fourier transforms. This was surprising given 
the robust size of the h/e oscillations. However, in anal- 
ogy with the UCF, the h/2e oscillations are expected to 
be exponentially suppressed in comparison to the h/e 
oscillations. Furthermore, the dephasing effects of the 
microwave field would further decrease the amplitude of 
the h/2e oscillations, relative to the h/e oscillations, a 
fact which may explain their absence. 

In order to compare with the theory (Eqs. |^|) the 
rms value of the PV fluctuations were computed. The 
h/e PV oscillations and aperiodic PV fluctuations were 
separated by computing the inverse FT after selecting a 
region surrounding one of the peaks in the FT. The data 
after filtering is shown in Fig. |l|(c) where we see that the 
frequency components are clearly separated. The rms 
values of the h/e oscillations (Vk/ e ) and aperiodic fluc- 
tuations (Vaf) were then easily computed over a fixed 
magnetic field range to compare with the theory. 



B. Power Dependence of the Photovoltaic Effect 

Before making a quantitative comparison of the power 
(field) dependence of Vdc with the theory it is instructive 
to first consider several qualitative features of the data. 
In Fig. ||(a) we show Vd c for ring #2 at 1.4 K for mi- 
crowave power levels differing by roughly a factor of 1000. 
For the moderate microwave field (E ac ss 0.6 V/m), Vdc 
exhibited h/e oscillations superimposed upon the slowly 
varying aperiodic fluctuations. For the larger microwave 
field {E ac ~ 16 V/m) it is seen that the magnitude of the 
aperiodic fluctuations clearly increased, however, the h/e 
oscillations were quenched and not distinguishable above 
the noise. At somewhat lower microwave levels (E ac ~ 
0.12 V/m), as in Fig. ||(b), the aperiodic PV fluctuations 
were roughly the same size as the h/e oscillations. (Note 
the change in the voltage scale between Figs. ||(a) and 
(b).) For still lower microwave levels the PV effect was 
difficult to distinguish above the noise. 

Several semi-quantitative features of this data are 
clearly evident. First, it is obvious that we are not in 
any type of linear response regime. An increase in mi- 
crowave power by a factor of 10,000 only resulted in an in- 
crease in Vaf by roughly a factor of 35. This can be seen 
by comparing Fig. ||(b), where Vaf (0.12 V/m) ~ 1 nV, 
and Fig. |(a) where Vaf(16 V/m) - 35 nV. This weak 
power dependence was to be expected from the logarith- 
mic power dependence predicted by the theory 0] (see 
Eq. |6|). The power dependence of the h/e oscillations 
clearly shows that large microwave powers are causing 
dephasing since V h / e 0. The dephasing effects of the 
microwaves were also evident through changes in the ape- 
riodic correlation field (H c ~ $> /L e ffW, where <& is the 
flux quantum). In Fig. ^(a) this is clearly demonstrated 
where H c is seen to increase by nearly a factor of seven 
as E ac is changed by a factor of 30. The increase in the 
correlation field at high microwave powers was not dis- 
cussed explicitly by the theory although it is likely 
due to a decrease in L e ft resulting from the dephasing 
nature of the microwaves. 

The results of a quantitative study of the power depen- 
dence of the PV effect at 1.4 K are shown in Fig. §(c). 
Each data point represents the rms value of Vdc computed 
over a magnetic field sweep from to 8000 Oe. Fig. |](c) 
contains data shown previously in Figs. |^(a) and (b), 
and for four other microwave field values. One aspect of 
these measurements that will limit a precise comparison 
with the theory centers on the relatively small number of 
aperiodic fluctuations observed over the available mag- 
netic field range. Furthermore, more data could have 
been taken in smaller increments of the microwave field. 
The basic power dependence of the aperiodic P V fluctua- 
tions is clear however, where from Fig. |^(c) it can be seen 
that Vaf (solid squares) grows with the microwave field 
before saturating at high fields. In contrast Vh/ e grows 
more slowly with the microwave field before becoming 
completely quenched for fields above about 8 V/m. 
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In Fig. ||(c) we show the results of a fit (solid line) to 
the logarithmic power dependence predicted for the ape- 
riodic fluctuations, Vaf ~ b\n(aE ac ), as estimated by the 
theory (see Eq. ||). The parameters a — 6.6 and b = 2.1 
were determined from the fit. The data is in agreement 
with a logarithmic power dependence over a wide range of 
microwave field strengths. Although we do not show the 
results of the fits here, both Vaf and Vh,/ e were consistent 
with a quadradic field dependence (as expected in the lin- 
ear response regime) for E ac <1 V/m. From Fig. [|(c) we 
see that the transition between the linear response and 
the high-power regime occurs for microwave fields above 
1 V/m. The theory predicts that this transition should 
take place when the number of photons absorbed (emit- 
ted) by the electron in time r/ is greater than one [i.e., 
£(= eE ac L/huj) > 1]. Based on the microwave energy (35 
/xeV) and sample length [L ~ 1 /xm) the theory predicts 
a crossover for E ac ~35 V/m. Given this, a fit parame- 
ter of a(= eL/tkd) ~ 1/35, not 6.6, should should have 
been obtained from the data. This discrepancy is hard 
to reconcile with the data unless we have underestimated 
the magnitude of the microwave field by at least an order 
of magnitude, or the power absorbed by the sample by 
a factor of 1000. From the observed power dependence 
of the aperiodic fluctuations it is apparent that we are 
at least in agreement the logarithmic power dependence 
predicted by the theory. 

It is clear from Fig. ||(c) that the power dependence of 
the h/e oscillations (triangles) is quite different from the 
aperiodic fluctuations for microwave fields greater than 1 
V/m. For microwave fields greater than roughly 8 V/m, 
the h/e oscillations are completely quenched in contrast 
to the aperiodic fluctuations. This behavior was expected 
from Eq. [lO] where it was anticipated that the dephas- 
ing nature of the microwaves might give rise to an ex- 
ponential suppression at high powers. In Fig. p|(c) t he 
solid line results from a fit to following expression Vh/ e ~ 

r _„ _„ n -i/2 

t>El c exp(nr/L eff ), where L eff 
and L^ 1 « aE ac , as expected from Eq 



l/Ll 
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It was also 

assumed that 7rr rs which is a reasonable approxima- 
tion at 1.4 K. We see that there is good agreement with 
Eq. [l0| although measurements at more values of E ac are 
needed for a more stringent comparison. 



C. Temperature Dependence of the PV Effect 

Fig. |3|(a) shows raw PV data at two temperatures for 
ring #2 (d = 4700 A and w = 700 A), for the "moderate" 
microwave field (E ac w 0.6 V/m) as shown in Fig. |](a). 
As expected, the magnitude of both the aperiodic and 
h/e PV oscillations decreased as the temperature was 
increased. In Fig. ||(b) we take a closer look at data ob- 
tained at T = 11 K. The Aharonov-Bohm oscillations 
were visible but were much smaller in comparison to the 
results obtained at T = 1.4 K. That the h/e PV oscilla- 



tions persisted to such high temperatures was surprising, 
since the analogous h/e conductance oscillations are usu- 
ally difficult to detect at these temperatures (> 5 K) for 
similar samples [^Pl . 

In Fig. |^(c) we have plotted the rms values of both 
the aperiodic Vaf and h/e oscillations V/j/ e for the raw 
data shown in (a) and (b), and five other temperatures 
ranging from T = 1.4 to 14 K. The rms values were com- 
puted in the same manner as discussed in connection with 
Fig. ||(c). From the theory |!| (see Eqs. f7|||) we would 
expect Vaf to decrease logarithmically as a function of 
temperature in the high-power regime and according to 
a power-law (Vaf ~ T~ Pl ) in the low-power regime. In 
the low-frequency limit, p\ — 7/4p + 1/2, while in the 
low-power high-frequency regime the temperature depen- 
dence is much weaker (pi = p/i+ 1/2), where the factor 
of 1/2 is due to thermal smearing. In Fig. |^(c) we show 
the result of a fit (solid line) to a logarithmic tempera- 
ture dependence of the form Vaf ~ a m (V^) ( see Eq. @). 
The fit yields reasonable agreement for low temperatures 
(< 4.2 K) although there is some deviation from the log- 
arithmic dependence at higher temperatures. Given the 
scatter in the data, it is not entirely clear whether this 
deviation warrants a quantitative explanation. However, 
assuming the deviation is real, the fact that the magni- 
tude of the microwave field, 0.6 V/m, is at the transition 
between the low and high-power regimes offers a possible 
explanation. In the high-power regime there are multiple 
electron-photon interactions (i.e., £ > 1) and L ac < L§. 
As the temperature increases, becomes shorter than 
L ac and temperature dependent inelastic processes dom- 
inate. In this case, the logarithmic dependence gives way 
to the power-law dependence. 

The dotted line in Fig. ||(c) represents a fit to a power- 
law of the form Vaf ~ AT~~ Pl , where the parameters A = 
7.4 and p\ = 1.0 were determined from the fit. The fit is 
seen to be in good agreement with the data for tempera- 
tures greater than 6 K. For lower temperatures (< 4 K), 
the agreement is not satisfactory, even considering the 
scatter in the data. This relatively weak temperature 
dependence is consistent with that expected in the high- 
frequency limit, with p = 2 due to electron-phonon inter- 
actions. That we did not observe the stronger temper- 
ature dependence expected for the low-frequency regime 
(see Eq. ||) indicates that the frequency of the microwaves 
replaced as the dominant time scale in a mesoscopic 
system. The weak temperature dependence exhibited by 
the aperiodic PV fluctuations is consistent with previ- 
ous results B, although those authors concluded that 
the observed temperature dependence was weaker than 
expected from the theory Our analysis resolves this 
apparent discrepancy. Unfortunately it was not possible 
to determine the temperature dependence for microwave 
fields smaller than 0.6 V/m, since for this value of the mi- 
crowave field Vdc was quite small for temperatures greater 
than 1.4 K. 

We also studied the temperature dependence of the 
corresponding h/e PV oscillations, V h / e , shown as the 
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triangles in Fig. ||(c). From Eq. we would ex- 
pect a weak exponential temperature dependence since 
the microwaves contribute to an effective phase coher- 

ence length, L e ff ps 1/L| + 1/L„ c , acting to 

weaken the temperature dependent length scale L^. In 
Fig. ||(c) the result of a fit to the h/e data of the form 
exp(— wr/L e ff) ~ exp[— (T p + b) 1 ^ 2 ] is shown as the solid 
line, where it was assumed that irr w at 1.4 K and 
b = L\/L\ c . The fit is quite reasonable over the en- 
tire range of temperature. We note that the data is not 
at all consistent with an exponential suppression of the 
form exp(— nr/L^) ~ exp(— T) and do not show the re- 
sults of such a fit here. For this reason, it seems likely 
that the microwave field is the dominant source of inelas- 
tic scattering as opposed to electron-electron or electron- 
phonon interactions. We note that this weak exponential 
suppression closely mimics the logarithmic [ln(l/T)] and 
power-law (T _1 ) temperature dependences observed for 
the aperiodic fluctuations. A deeper explanation for the 
observed temperature dependences awaits more exten- 
sive measurements and a full theory of the PV effect to 
include the case of a ring geometry. 

The temperature dependences for even larger mi- 
crowave fields (E ac > 0.6 V/m) were also studied. For 
E ac ~5.0 V/m the temperature dependence of Vaf and 
Vh/e become progressively weaker, although similar to 
Fig. ||(c), and we do not show the data here. For the 
largest microwave field (16 V/m) used in this study (see 
Fig. |^), the temperature dependence was quite weak. 
As can be seen, Vaf showed very little change as the 
temperature was increased from 1.4 to 16 K. For this 
relatively high microwave field the Aharonov-Bohm os- 
cillations are completely quenched since we are in the 
high-power regime. In Fig. [|(b) we show the results of a 
quantitative comparison of the theory, Vaf ~ aln(b/T) 
where the data does not quite agree with the logarithmic 
temperature dependence predicted by the theory. The 
data for V AF at 1.4 K in Fig. |(a) was shown previously 
in Fig. ||(a) where we saw a large increase in H c as a 
function of the microwave field. It is interesting to note 
that despite an increase in temperature of 15 K there was 
very little change in the correlation field H c . It would 
therefore appear that the microwaves, in the moderate 
to high-power limit, are a much more effective source of 
dephasing than temperature dependent inelastic scatter- 
ing mechanisms. 



V. DISCUSSION 

We have presented a systematic study of the PV ef- 
fect in submicron-diameter Au rings as a function of mi- 
crowave power and temperature. We have clearly ob- 
served the quenching of the h/e PV oscillations due to 
the dephasing effect of a microwave field. Such dephas- 
ing may also explain the increase in H c for the aperi- 
odic fluctuations, although alternative explanations for 



the observed behavior should be discussed. Our results 
for the power dependence of the PV effect are are analo- 
gous to previous studies of the I-V characteristics of UCF 
pOf where the magnitude of voltage fluctuations were 
measured as a function of the dc- voltage bias, V& pTlE2|. 
These studies showed that both the h/e and the aperiodic 
conductance oscillations suffered from voltage averaging 

1/2 

and scaled as a weak power-law, V b , for V, > V c , where 
V c — E c /e is the correlation voltage. This was found for 
dc-fields of order Ed c {= V>/L) ~1 V/m, which is the 
same order of magnitude as the microwave fields used 
in this work. One analogous feature of the UCF results 
|pi| was that H c increased as a function of the dc- voltage 
bias across the sample for Vb > V c due to the introduc- 
tion of a dc- voltage averaging length, Le = [hD/eV] 1 ^ 2 
(or [hD/eE dc ]V*). 

In the case of the PV effect it is possible for both 
Le and L ac to enter the problem depending on the mi- 
crowave field strength and frequency. Le was predicted 
by the PV theory || to become significant when lu^ 1 is 
much larger than t/ and pertains to the low-frequency 
limit. In this case the magnitude of microwave field can 
be considered to be essentially constant in time and many 
features of the PV effect would be quite analogous to 
UCF. It is difficult to tell whether the observed increase 
in H c in our PV studies (as shown in Fig. |J) resulted from 
an increase in Le (i.e., in the dc or low- frequency limit) or 
L ac = huj/eE ac (strong high-frequency field) since both 
are inverse functions of the electric field. However, the 
fact that the h/e PV oscillations are clearly quenched for 
microwave fields larger than 5 V/m, as shown in Fig. |^(c), 
is a strong indication that the microwaves are dephasing. 
In contrast, the h/e conductance fluctuations were not 
quenched in response to a dc-voltage bias and grew in- 
stead according to a power-law. 

For small samples at low temperatures it is also en- 
tirely possible for a finite voltage bias to heat the elec- 
tron temperature above the lattice temperature. This 
increases the amount of inelastic scattering thus reduc- 
ing Lq. Heating effects due to the microwave field are 
difficult to rule out since they also grow with microwave 
field strength just as the dephasing length L ac (see Eq. ||) . 
Roughly speaking, heating effects are expected to occur 
as the energy gained from the voltage bias, eVb, is of or- 
der UbT. A quantitative treatment of the flow of energy 
from the sample to the substrate, and on to the He bath, 
is certainly more involved |i~3| , although this provides a 
rough upper bound. For even our lowest measurement 
temperature (1.4 K), where ksT = 120 fieV, a dc elec- 
tric field around 120 V/m in our 1 /mi long wire would 
be necessary to cause significant heating. According to 
our calibrations, the microwave fields used in this study 
were much smaller than this, although it is possible that 
we have underestimated the magnitude of the microwave 
field or the amount of power absorbed by the sample. 
We note that studies of the I-V characteristics of con- 
ductance fluctuations in micron-size Au rings [|l]j22| ob- 
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served some mild heating effects for dc- voltage biases ~ 
1 V/m. However, these measurements were performed at 
much lower temperatures (~ 50 mK) in contrast to our 
relatively high temperatures (~ 4 K). We concur that 
it is difficult to ever completely rule out the possibility 
of heating effects. If the electron temperature was in- 
creased due to heating from the microwaves, this would 
increase the electron-electron inelastic scattering rate and 
decrease Ld>, the precise effect we are claiming is causing 
the increase in H c and the suppression of the h/e PV 
oscillations. 

Assuming that the observed suppression of the h/e PV 
oscillations in Fig. || is not due entirely to heating, it is 
interesting to interpret the power dependence as result- 
ing from multiple electron-photon scattering events. The 
number of such scattering events is given by the num- 
ber of photons absorbed by the electron as it diffuses 
to the voltage contacts, as measured by the parameter 
£, see Eq. ^ Given this, the results of Fig. ||(c) may 
be interpreted as resulting from the dephasing nature 
of electron-photon interactions. The PV effect may al- 
low one to quantify, in a controlled manner, the number 
of electron-photon scattering events necessary to com- 
pletely randomize the phase of the electron. However, a 
more precise estimate of the magnitude of the microwave 
field, and its coupling to the sample, would be needed to 
make a direct comparison. It is hoped that future theo- 
retical and experimental efforts will be able to accurately 
address these fundamental and important aspects of the 
PV effect. 
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FIG. 1. Aharonov-Bohm photovoltaic oscillations in Au 
ring #1 (d = 3300 A and w = 550 A) at T = 4.2 K. (a) The 
solid (dotted) line represents a field sweep with H increasing 
(decreasing) in magnitude, (b) The Fourier transform of Vdc 
with arrows indicating the various frequency ranges expected 
for the aperiodic fluctuations (AF), h/e, and h/2e oscillations 
based on the measured ring geometry, (c) Using the digital 
filtering procedure described in the text the aperiodic (dot- 
ted line) and the h/e oscillations (solid line) may be clearly 
separated. 

FIG. 2. (a) V dc as a function of H at T =1.4 K for a mod- 
erate (E ac « 0.6 V/m) and a high (E ac « 16 V/m) microwave 
power for the d = 4700 A Au ring. Two features of the power 
dependence are clearly visible: The correlation field H c in- 
creases as a function of the microwave power and the h/e os- 
cillations are greatly suppressed at high powers, (b) For the 
lowest microwave field (E ac « 0.12 V/m) the h/e oscillations 
are almost the same size as the aperiodic fluctuations. Note 
the change in the voltage scale between (a) and (b) . (c) Vaf 
(squares) and V h / e (triangles) as a function of the microwave 
field E ac . 



FIG. 3. (a) PV results for Au ring #2 (d = 4700 A) at 
two different temperatures, 1.4 K (dotted line) and 4.2 K 
(solid line), for the moderate microwave power (0.6 V/m). 
(b) Close-up of data at 11 K. (c) Plot of the rms values of the 
data shown in (a) and (b) and for 5 other temperatures. 

FIG. 4. V dc as a function of H for Au ring #2 (d = 4700 A 
and w = 700 A) in the high field limit (E ac = 16 V/m) 
for two different temperatures, (a) Vaf at 1.4 K (solid line) 
and 16 K (dotted line). Note that for this relatively high 
microwave power the Aharonov-Bohm oscillations are com- 
pletely quenched, (b) The rms values of the above data where 
the solid line is a fit to the logarithmic temperature depen- 
dence, Vaf ~ b]n(a/T), as discussed in the text. 
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FIG. 1. Bartolo et al., "h/e Photovoltaic Oscillations...". 
Aharonov-Bohm photovoltaic oscillations in Au ring #1 
(d = 3300 A and w = 550 A) at T = 4.2 K. (a) The solid 
(dotted) line represents a field sweep with H increasing (de- 
creasing) in magnitude, (b) The Fourier transform of Vdc with 
arrows indicating the various frequency ranges expected for 
the aperiodic fluctuations (AF), h/e, and h/2e oscillations 
based on the measured ring geometry, (c) Using the digital 
filtering procedure described in the text the aperiodic (dot- 
ted line) and the h/e oscillations (solid line) may be clearly 
separated. 
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FIG. 2. Bartolo et al., "h/e Photovoltaic Oscillations...", 
(a) Vdc as a function of H at T =1.4 K for a moderate 
(E ac « 0.6 V/m) and a high (E ac « 16 V/m) microwave 
power for the d = 4700 A Au ring. Two features of the power 
dependence are clearly visible: The correlation field H c in- 
creases as a function of the microwave power and the h/e os- 
cillations are greatly suppressed at high powers, (b) For the 
lowest microwave field (E ac « 0.12 V/m) the h/e oscillations 
are almost the same size as the aperiodic fluctuations. Note 
the change in the voltage scale between (a) and (b). (c) Vaf 
(squares) and V h / e (triangles) as a function of the microwave 
field E ac . 
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FIG. 4. Bartolo et al., "/i/e Photovoltaic Oscillations...". 
Vdc as a function of H for Au ring #2 (d = 4700 A and 
w = 700 A) in the high field limit (E ac = 16 V/m) for 
two different temperatures, (a) Vaf at 1.4 K (solid line) 
and 16 K (dotted line). Note that for this relatively high 
microwave power the Aharonov-Bohm oscillations are com- 
pletely quenched, (b) The rms values of the above data where 
the solid line is a fit to the logarithmic temperature depen- 
dence, Vaf ~ b\n(a/T), as discussed in the text. 



FIG. 3. Bartolo et al., "/i/e Photovoltaic Oscillations...", 
(a) PV results for Au ring #2 (d = 4700 A) at two different 
temperatures, 1.4 K (dotted line) and 4.2 K (solid line), for 
the moderate microwave power (0.6 V/m). (b) Close-up of 
data at 11 K. (c) Plot of the rms values of the data shown in 
(a) and (b) and for 5 other temperatures. 



